Oxygen-dependent changes in brain cy tochrome redox state and cerebrocortical energy metabo lism were evaluated in fluorocarbon-circulated rats at he matocrits of < 1 %. Redox levels of three respiratory chain cytochrome complexes, b, c, and a, a3 (cytochrome c oxidase), were continuously measured directly through the intact skulls of animals using reflectance spectropho tometry. The in vivo redox status of cytochromes at dif ferent FP2 was directly compared with in vitro measured changes in cortical metabolites known to reflect energy production, i.e., glucose, pyruvate, lactate, phospho creatine (PCr), ADP, and ATP. Lowering the FP2 to <1.0 caused the cytochromes to become increasingly more re duced. This was associated with increased tissue accu mulation of pyruvate and lactate and a concomitant in crease in the lactate/pyruvate (LIP) ratio. At FP2 = 0.6, Abbreviations used: LIP, lactate/pyruvate; PCr, phosphocre atine.
Cerebral oxygenation is dependent on arterial oxygen content, rate of blood flow, existing gra dients of O2 diffusion, and local states of cellular functional activity. All of these variables may change with different degrees of physiological ac tivity or under pathological conditions, thereby af fecting the oxidative metabolic state of the brain. Cellular aerobic energy production may be altered because molecular O2 directly influences redox po tentials of enzymes comprising the mitochondrial respiratory chain by obligatory interaction with the terminal enzyme complex cytochrome c oxidase.
Oxygen uptake by cytochrome oxidase corre lates with tissue oxygen tension (Kreisman et aI., 1981; Kariman et aI., 1983) , and in vivo the rate of O2 utilization depends on concentrations of oxygen well above measured Km values of cytochrome a,a3 for molecular oxygen found in isolated mitochon dria (Chance and Williams, 1955; Oshino et aI., 1974; Chance, 1965) . In both suspensions of intact cells and the in situ or isolated, perfused organs of metabolically active tissues such as brain (Ro senthal et aI., 1976; J6bsis et aI., 1977) , heart (Snow et aI., 1981) , and kidney (Balaban and Sylvia, 1981) , mitochondrial cytochrome redox states are O2 dependent over wide ranges of O2 tension. Yet, the rate of ATP production remains independent of O2 tension down to tissue P02 values approaching the Km for oxygen of cytochrome oxidase in vitro, i.e., <0.1 f1M (Chance, 1965) . This circumstance exists because regional rates of cellular respiration are determined by the hydrolysis of ATP for cel lular functions that are independent of oxygen con centration. Hence, when hypoxia limits ATP syn thesis, it does so independently of the rate of cel lular ATP utilization. This rapidly decreases the cytoplasmic (ATP)/(ADP)(P) ratio, which increases the reduction level of cytochrome c and activates cytochrome c oxidase (Wilson et a1., 1979; Ere cinska and Wilson, 1982) . Consequently, cellular respiration (ATP synthesis) increases to match the activity-related rate of cell ATP utilization, thereby restoring the original rate of respiration at lower cytosolic (ATP)/(ADP)(P) and at higher reduction levels of cytochromes c and a,a3 (J6bsis and La Manna, 1978) .
Continuous 02-dependent adjustments in the redox state of cytochrome a,a3 provide the basis for a "cushioning" effect (J6bsis, 1972) . Thus, the respiratory enzyme complex nearest molecular O2 alters its steady-state oxidation level at intracellular O2 concentrations significantly higher than those required to alter the cellular respiratory rate. Such biochemical changes may, in fact, constitute in vivo regulatory mechanisms responsible for facilitating a metabolic conversion to alternative energy-re leasing pathways. These mitochondrial responses to fluctuations in cerebral O2 availability should be active in vivo regardless of whether the brain is provided with oxygen by hemoglobin or by alterna tive oxygen-transporting blood substitutes like per fluorocarbon emulsions.
U sing normal hemoglobin-circulated rats, we have previously demonstrated that increases in the reduction level of cytochrome a,a3 in vivo corre lated highly with sustained cortical ATP supply at the expense of labile phosphocreatine stores, i.e., via the creatine phosphokinase reaction (Sylvia et aI., 1985) . The objective of this study was to further our understanding of cerebral oxygen metabolism by using the perfluorocarbon-circulated rat to cir cumvent the spectral influence of hemoglobin and obtain optical measurements of redox changes in cytochromes b and c in living tissues. This ap proach has enabled us to discern different in vivo 02-dependent redox sensitivities of the electron transport carriers cytochromes b , c, and a, a3 during a decline in oxygen supply to the brain of a physiologically viable, bloodless animal.
METHODS
Studies were conducted using nonfasted adult Sprague-Dawley rats (Charles Rivers Laboratories) weighing 230-280 g. Anesthesia was induced with so dium pentobarbital (Nembutal; 50 mg/kg i.p.); then tra cheostomy and cannulation of both femoral arteries and one femoral vein were performed. Following paralysis with tubocurarine (1.2 mg/kg i.v.), the animals were placed on a positive pressure rodent respirator (model 680; Harvard) using a control gas mixture of 30% O2 + 70% N2. At a constant respiratory rate of 60 breaths/min, the tidal volume was adjusted to maintain Pac02 near 35 mm Hg and Pa02 above 100 mm Hg. Core body tempera ture was maintained at 37 ± 0.5°C with an external J Cereb Blood Flow Metab, Vol. 8, No. 2, 1988 heating pad monitored by a rectal thermocouple. Femoral arterial blood pressure was continuously monitored using a strain gauge (model P23Dc; Statham) . Arterial P02, PC02, and pH were measured in 200-I.d blood samples using an Instrumentation Laboratory blood gas/pH ana lyzer (model 513). The spleen was then removed to facili tate fluorocarbon emulsion-for-blood exchange transfu sion and to limit subsequent increases in hematocrit. The animal's head was securely immobilized using a stereo taxic holder. A longitudinal incision was made over the dorsal skull and the scalp was reflected to expose both parietal bones leaving the thin calvarium intact. Contin uous EEG recording was performed with platinum elec trodes (Grass Instruments, Quincy, MA, U.S.A.) placed in the fascia over the frontal bones.
After surgical preparation, animals were given 100% O2 to breathe. This is necessary because, unlike hemo globin, the oxygen-carrying capacity of the perfluorotri butylamine emulsion is only four times that of saline and its oxygen content is a linear function of the oxygen ten sion. Animals having Pa02 values of ;.300 mm Hg under went exchange transfusion with the perfluorotributyla mine (FC-43) emulsion (Green Cross Corp., Osaka, Japan) as previously reported (Piantadosi et aI., 1985) . Exchange transfusion was discontinued when there was little or no discernible visual difference between FC-43 administered and that leaving the circulation (100-150 ml total exchange volume, 6-8 blood vols). Measured he matocrit was always < 1 % after the exchange transfusion.
Groups of animals were then exposed to 5-min in tervals of progressive hypoxia by lowering the inspired oxygen concentration (FP2)' i.e., 90, 80, 70, 60, and 50% O2, Using reflectance spectrophotometry (see below), the oxidation-reduction status of respiratory chain cy tochromes b, c, and a,a3 was continuously monitored during each protocol. Parallel groups of animals exposed to identical decreases in FP2 were additionally prepared for in situ brain freezing to establish relationships be tween changes in the redox state of the cytochromes and in vitro measured changes in the concentrations of me tabolites known to reflect limitations in cellular energy production (see below).
Optical monitoring
The near total removal of hemoglobin by exchange transfusion permitted changes in the absorbance peaks of reduced cytochromes b, c, and a,a3 in the brain parietal cortex to be monitored continuously through the translu cent skull. This was accomplished using a programmable four-wavelength spectrophotometer set in the double beam reflectance mode as previously described by J6bsis et al. (1977) . Light from a single prefocused incandescent lamp (Osram P35s) alternately passed through two sets of tunable monochromators independently set to deliver light at two preselected wavelengths (see below). At the exit slits, the monochromatic light entered randomly mixed glass fiber optic bundles fashioned into a single light probe that was placed against the skull. Light tra versing the skull entered the brain tissue and was then diffusely scattered and reflected. This reflected light was collected by a second optical fiber bundle situated 5 mm from the point of light entry. The tip of this optrode was coated with an optical gel (Math Assoc.) and protected by an O-ring seal to exclude all light save that which dif fusely emanated from the area being monitored. The in tensities of two preselected wavelengths of light were measured by a photomultiplier (Hamamatsu R928) and an electronic amplification system. Differences in the inten sity of light at two separate wavelength pairs (sample minus reference) were used to derive two selected cy tochrome signals. An analog computer, specifically de signed for the purpose, was programmed to measure ab sorption changes in cortical cytochrome oxidation-reduc tion levels. The following three sample minus reference wavelength pairs were used to measure the cytochromes: 564-575 nm (cytochrome b); 550-540 nm (cytochrome c); and 605-620 nm (cytochrome a,a3) ' The cytochrome b wavelength pair does not distinguish among the mul tiple forms of b-type cytochrome present and the c wave length pair includes a minor contribution from cy tochrome Cl' The cytochrome a,a3 measurement assesses primarily absorption changes in the cytochrome a heme of the enzyme.
After fluorocarbon-for-blood replacement (hematocrit of <1%) with animals breathing 100% 0z, groups of rats were exposed to 5-min periods of decreasing inspired ox ygen concentration (90, 80, 70, 60, and 50% 0z). Minute ventilation was always kept constant and no attempt was made to keep PaCOZ constant during successive decreases in inspired oxygen. A 5-min period of monitoring at each Fpz was selected on the basis of extensive studies that showed that transient redox responses of the cy tochromes reached new steady-state level within 2 or 3 min. This protocol was concluded with nitrogen anoxia so that the oxidation level for each cytochrome at a par ticular oxygen tension could be expressed as a per centage of the total labile optical signal. The total labile optical signal was defined as the difference measured at each wavelength pair between maximal oxidation ob tained with animals breathing 100% 0z and maximal re duction at death.
Biochemical analyses
Metabolite analyses were performed on cortical brain biopsy samples obtained from two groups of control an imals without exchange (FC-43) transfusion, i.e., normal blood-circulated rats at Fpz = 0.3 and normal blood-cir culated, splenectomized rats at Fpz = 1.0; and in six groups of animals after replacement with FC-43, i.e., FC-43 splenectomized rats at Fjoz = 1.0 and FC-43 sple nectomized rats breathing mixtures of oxygen at Fpz of <1.0.
Corresponding to changes in the oxidation-reduction state of the cytochromes monitored, brains were frozen in situ using the liquid nitrogen funnel procedure de scribed by Ponten et al. (1973) . This procedure has been widely accepted as the preferred method of brain freezing because blood circulation is maintained during low-tem perature inactivation of enzymatic activity during tissue freeze trapping. Thus, autolytic enzymatic degradation of labile metabolites is minimized. Control series of brains were frozen after animals breathed 30% 0z + 70% Nz or 100% 0z for 30 min. The brains of rats in the experi mental series were frozen at the end of a 5-min exposure to levels of inspired oxygen below 100%. In all cases, arterial blood samples or samples of circulating FC-43 were collected for measurements of PaOZ' Pacoz, and pHa immediately before freezing was initiated.
The head of each animal was frozen for 5 min by con tinuously replenishing the liquid Nz in the funnel. Then, the animal was bodily immersed in liquid nitrogen for an additional 5 min. The body was decapitated and the head placed directly into liquid nitrogen. The brain was chis eled from the skull during intermittent irrigation with liquid Nz. Brains were stored at -80°C for no longer than 2 weeks prior to being prepared for metabolite analyses. At that time, brains were dissected at -25°C in a refriger ated cryostat unit. Samples of the parietal cortex were carefully removed, weighed, and extracted with HCI methanol. All samples were brought to O°C and per chloric acid extraction was performed using the methods of Folbergrova et al. (1972) . Neutralized extracts were stored at -80°C until groups of six or more samples were accumulated. Metabolite concentrations were deter mined using the enzymatic and fluorometric assays de scribed by Lowry and Passonneau (1972) .
Statistical evaluation
Data from groups of animals were expressed as means ± SEM. Statistical analyses were performed as a func tion of Fpz using normal blood-and FC-43-circulated rats at Fpz = 1.0 as controls. Statistical trends were evalu ated by one-way analysis of variance. For significant ex periment-wide differences, values for separate groups of animals were tested for significance versus FC-43 control (Fpz = 1.0) using Bonferroni-corrected t statistics at ex = 0.05.
RESULTS
Spectrally determined O2 dependence of brain cytochrome redox states
In FC-43-circulated rats, simultaneous optical measurements of changes in the absorption level of cytochrome a,a3 recorded at 605-620 nm with that either of cytochrome c at 550-540 nm or of cy tochrome b at 564-575 nm enabled us to obtain, for the first time, 02-dependent redox profiles of all three cerebrocortical cytochromes in vivo. A repre sentative optical trace, showing simultaneous redox responses of cytochrome c and cytochrome a,a3 to progressive decreases in FP2' is provided in Fig. 1 . Summarized optical data are shown in Fig. 2 and the accompanying physiological measurements are presented in Ta ble 1. In these animals, at a cal culated maximal arterial O2 content (Cao2) of 6.3 vol%, the oxidation levels of cytochromes b, c, and a,a3 were defined for convenience to be 100%. Pre vious hyperbaric measurements, however, have shown that brain cytochromes average � 14% re duced for a,a3 and 20% reduced for c in fluoro carbon-circulated rats breathing 100% O2 (Pianta dosi and J6bsis, 1984) . In the present studies, as Fjo2 was lowered, all three mitochondrial cy tochromes became more reduced. However, as can be seen in Fig. 2 , the response pattern among the three cytochromes was quite different. At an FP2 of 0.9 (Cao2 = 5.3 vol%), decreases in the oxidation level of cytochrome b (95%) and cytochrome c (97%) were already statistically significant, while that of cytochrome a,a3 (99%) was not. In fact, the oxidation state of cytochrome a,a3 did not decrease significantly until the FP2 was reduced to 0.7. At this FP2 (Cao2 = 4.2 vol%), cytochrome a,a3 was 95% oxidized in contrast with cytochrome b at 81 % and cytochrome c at 87%. The most abrupt in crease in the reduction level of cytochrome a,a3 oc curred at an FP2 of 0.6 (Cao2 = 4.0), where it was 54% oxidized as compared with a 43% oxidation of cytochrome band 48% of cytochrome c. There was also significant attenuation of EEG activity in most animals at Fjo2 = 0.6. Because of the limited O2carrying capacity of the fluorocarbon emulsion, Cao2 was insufficient for the blood-free animals to survive inspired concentrations below Fjo2 = 0.5. At Fjo2 = 0.5 (Cao2 = 3.3 vol%), cytochromes b , c, and a,a3 were significantly reduced after 5 min, i.e., only 21, 14, and 13% oxidized, respectively. Most animals survived at Fjo2 = 0.5 for only a short time before arterial pressure fell with com plete EEG silence and death.
Physiological measurements and cortical metabolite profiles
Physiological parameters measured in groups of rats prepared for liquid N 2 freeze trapping of brain metabolites are shown in Ta ble 2. Arterial oxygen content was calculated in normal blood-circulated animals using measured Pao2 and pHa values and corrected hemoglobin saturation obtained from the oxygen dissociation curve for rat blood (Gray and Steadman, 1964) . In FC-43 emulsion, the 02-car rying capacity per 100 ml is 0.012 ml 02/mm Hg. Hence, the partial pressure of oxygen times 0.012 was equal to the O2 content in volume percent in bloodless animals. Since hematocrits were well 
FC-43 0. 5 272 ± 5 19. 5 ± 2. 0 7. 58 ± 0. 03 30 ± 5 3. 3 (6) (7) (7)
Values are means ± SEM. The number of animals in each group is indicated in parentheses.
below 1%, the small amount of O2 carried by re sidual traces of hemoglobin (�0.3 vol%) was ig nored when calculating O2 content in fully ex changed rats. As shown in Ta ble 2, the mean Pao2 between normal blood-circulated, normoxic (Fp2 = 0.3) and splenectomized, normal blood-circu lated, hyperoxic (FP2 = 1.0) animals increased and pHa decreased between the two groups of animals. The FC-43 exchange procedure increased P a02 and Paco2, while the calculated Cao2 decreased by 16.3 vol%. In addition, systemic blood pressure and body temperature were slightly lower in FC-43-cir culated animals. In the FC-43-transfused groups of rats exposed to lower Fio2 (0.9-0.5), progressive decreases in Pao2, and therefore Cao2, were pro duced as expected. Furthermore, decreases in Paco2 and arterial pressure were obtained between FP2 of 0.6 and 0.5.
Cerebrocortical metabolite concentrations mea sured in brains of all normal blood-circulated and the control FC-43-circulated groups of animals are presented in Ta ble 3. Increasing the Fio2 from 0.3 to 1.0 in splenectomized, normal blood-circulated an imals caused minor increases in cortical concentra tions of glucose, pyruvate, lactate, and phospho creatine (PCr) and a slight decrease in ATP content. Only a substantial increase in ADP, amounting to 36% of control value, however, proved to be signifi cant. We next determined the influence of fluoro carbon-for-blood exchange transfusion on cerebro cortical metabolite patterns in animals breathing 100% O2 , The resulting biochemical profile indi cated significant increases in cortical glucose (by 24%) accompanied by significant decreases in pyru vate (26%) and PCr (24%) content.
Measured concentrations of cerebrocortical me- 28. 6 ± 1.4 7. 49 ± 0.03 62 ± 7 36.5 ± 0. 1 3. 6 (6) (7) (7) (7) (7) FC-43 0.5 270 ± 7. 0 24. 0 ± 1. 5 7. 53 ± 0.02 52 ± 3 36. 5 ± 0. 2 3. 2 (10) (10) (10) (10)
Values are means ± SEM. The number of animals in each group is indicated in parentheses. 3. 89 ± 0.25 0.073 ± 0.004 0.98 ± 0. 13 13.2 ± 1.3 (9) (10) (10) (10) 4.83 ± 0.07a 0.054 ± 0.005a 0.76 ± 0.07 14. 1 ± 0.9 (9) (9) (9) (8)
Values, expressed as f.1.moVg wet weight tissue, are means ± SEM. The number of animals in each group is indicated in parentheses.
a Values that are significantly different from the corresponding NBC group at FP 2 = 1.0.
tabolites in FC-43-circulated rats have been dis played as a function of P a02 in Fig. 3 . When FP2 was lowered from 1.0 to 0.9, pyruvate increased by 46% of control, ADP decreased by 49%, and PCr declined by 15%. Because of the increase in pyru- significantly increased pyruvate and lactate con centrations contributed to continued increases in the LIP ratio. An unexpected but significant de crease in ATP concentration occurred at Fp2 = 0.7. Yet, at Fjo2 = 0.6, ATP resynthesis had re turned to levels close to control concentrations. At the lowest concentration of O2 compatible with short-term survival, i.e., Fjo2 = 0.50, ADP content was near control (0.37 vs. 0.31 J-Lmol/g), the ATP concentration was reduced by only 9% (2.51 vs. 2.13 J-Lmol!g), and PCr had decreased by 19% of control. At the same time, glucose was reduced by 23% of control. Highly significant changes were found both in pyruvate concentration, which was elevated by 85% of control, and in lactate, which rose by 800% of control. The latter changes were responsible for a 359% increase in the cerebrocor tical LIP ratio. The cortical biochemical measurements were consistent with severe cellular acidosis in the FC-43 animals at the lowest levels of Fjo2. More over, decreasing brain oxygenation in vivo was ver ified by spectrally determined absorption changes in cytochromes b , c, and a,a3' Nevertheless, the present biochemical evidence does not implicate overall cerebral energy failure as the factor respon sible for cessation of CNS neural activity, i.e., EEG isoelectricity, or subsequent death of the animal. The major biochemical findings suggest that the brain is bioenergetically protected during early O2 deprivation by both activation of glycolysis and lactic acidosis. This interpretation is supported by early increases in the reduction levels of cy tochromes band c that are closest to entry of re ducing equivalents into the chain from NADH. Changes in cerebral perfusion rate and CMR02, al though not directly measured, probably do not con tribute to these early biochemical responses be cause MAP did not decline and the cytochrome a,a3 reduction level did not change. However, at Fjo2 = 0.7, MAP declined and the cytochrome a,a3 reduction level increased, suggesting impending critical impairment of O2 delivery. Furthermore, a highly significant correlation between decreasing MAP and 02-related increases in the cortical LIP ratio developed at Fjo2 = 0.6 and 0.5 (Fig. 4) . The correlation between depressed arterial perfusion pressure and depletion of cerebral high-energy stories, i.e., PCr, was even more striking (r = 0.89) at the lowest level of inspired O2, i.e., FP2 = 0.5 (Fig. 5) .
Activation of glycolysis during hypoxia is at tended by metabolic acidosis, which causes a pH related shift in the equilibrium of the creatine phos phokinase reaction to favor ATP formation at the expense of PCr concentration. This presumably occurs when aerobic energy formation, i.e., oxida tive phosphorylation, falls behind tissue functional requirements. These processes are further re cruited when the rate of cerebral perfusion declines or becomes inadequate to maintain basal CMR02. Finally, in extremis, the MAP becomes too low to support glucose delivery (e.g., Fp2 = 0.5) and cel lular pyruvate concentration declines as lactate is formed in an attempt to maintain the cytoplasmic NAD+ INADH ratio.
DISCUSSION
No discussion of cerebral bioenergetics and ox ygen sufficiency is complete without considering control mechanisms involving the known competi tion between cytoplasmic (glycolysis) and mito chondrial (oxidative phosphorylation) reactions for inorganic phosphate (PJ and ADP in the enzymatic formation of ATP. The coupling of respiratory chain electron flux with oxidative phosphorylation tends to keep the ATP/ADP ratio high during normal aer obic metabolism, which slows glycolysis through inhibition of allosteric enzymes that require ADP and through inhibition of phosphofructokinase by ATP (Pasteur effect). During cellular hypoxia, ADP accumulates, thereby increasing glycolytic forma tion of ATP by stimulating ADP-requiring enzymes. During lowered activity, the high-energy phosphate ( � P) of ATP can be donated to creatine via the ATP:creatine phosphotransferase reaction. Cre atine phosphate, thus formed, acts as an intrinsic cellular energy store for periods of enhanced neu ronal activity when metabolic demands transiently outstrip glycolytic and oxidative synthesis of ATP. The creatine phosphate reserve is again repleted when cellular ATP supply matches lowered regional metabolic demands. Consequently, no single mea surable biochemical determinant adequately serves to evaluate activity-related neuronal bioenergetic flux, including ATP concentration. This necessi tates obtaining multiple tissue metabolite measure ments, as we have performed in this study. Just as there is no one biochemical determinant of neuronal bioenergetic flux, there is no single ex tracellular measurement that determines local tissue metabolic requirements for molecular ox ygen. Because hypoxia is an intracellular disorder, it is logical to directly measure intracellular oxygen uptake. At present, this only can be approached in vivo by measuring oxidation-reduction (redox) re actions at the intracellular mitochondrial enzymatic site of O2 utilization (Chance, 1977) . The chemical reduction of molecular O2 by cytochrome a,a3 J Cereb Blood Flow Me/ab, Vol. 8, No.2. 1988 allows continuous sequential electron transport within the respiratory chain complexes, e.g., cy tochromes band c, thereby controlling reoxidation of substrate-derived NADH and coupled ATP for mation, i.e., oxidative phosphorylation. As we have shown, the in vivo redox state of the tissue is more sensitive to O2 availability than measured levels of ATP.
Our FC-43 bloodless animals have offered new opportunities to obtain information regarding other diverse factors that may influence the in vivo redox status of mitochondrial cytochromes. Two impor tant observations are derived from the spectral re sults. First, cytochromes b , c, and somewhat later a,a3 increased their respective reduction levels at arterial pressures of oxygen significantly above those occurring in normal blood-circulated animals. This observation alone would invalidate the use of Pao2 as an index of cellular O2 delivery. Second, no significant change in the redox level of cytochrome a,a3 at reduced Fio2 occurred until the perfusion pressure significantly decreased (Fio2 = 0.7). On the basis of previous results obtained in anesthe tized, hypoxic, normal blood-circulated rats (Sylvia et aI., 1985) , we observed, as have other investi gators (Siesjb et aI., 1974; Kogure et aI., 1977) , that MAP always decreased with lowered inspired O2, Therefore, there is precedence to believe that two factors contributed to the results obtained in the bloodless animals. The first is a compensatory in crease in CBF, in this case increased fluorocarbon flow, in response to the limited 02-carrying ca pacity and low viscosity of the FC-43 emulsion. The second is disordered cerebral autoregulation, which became manifest at the perfusion pressures accompanying an F;02 of 0.7 (MAP range 79-43 mm Hg). In a parallel study conducted in this labo ratory by Lee et ai. (1986) , we found that FC-43for-blood circulation (Fio2 = 1.0; hematocrit of < 1 %) per se was responsible for an increase in total CBF amounting to 100% relative to normal blood circulated control rats. Furthermore, this response was sustained at Fio2 = 0.9 and 0.8. The biochem ical data presented in this investigation also estab lished that decreased O2 provision in the absence of low perfusion pressure did not significantly disrupt cerebral energy production, even in brains virtually devoid of hemoglobin. We concur with Siesjb et al. (1974) in attributing this preservation of cerebral energy metabolism to sustained blood flow delivery of O2, Normally, brain energy metabolite concentra tions do not decline before cerebral O2 consump tion decreases (Johannson and Siesjb, 1975) . Re portedly, ATP levels are normal at O2 tensions down to between 25 and 35 mm Hg in nitrous oxide rats (Nilsson et aI., 1975) , which according to Siesj6 et ai. (1972) reflects a direct pH effect on the creatine phosphokinase equilibrium. Below an arte rial O2 tension of 25 mm Hg in rats, ATP concentra tion begins to decrease, while ADP and AMP in crease (Salford et aI., 1973) and EEG activity is at tenuated or close to isoelectricity. Yet, the ATP concentration is prevented from a significant de cline presumably through glycolytic activation by stimulation of the rate-limiting enzyme phospho fructokinase (Norberg and Siesj6, 1975) . This rea soning explains why ATP concentration is so resis tant to change in hypoxia, but does not explain why neuronal activity frequently ceases prior to mea sured changes in ATP. Energy failure, obviously, is not solely responsible for brain functional failure.
Such observations led Duffy et ai. (1972) to pro pose that decreased neuronal activity is a response to impending energy failure. Our view is that O2 in sufficiency ultimately causes the capacity of mito chondrial ATP synthetase to fall below the energy requirements of cellular AT Pases. At this point, O2 delivery cannot match NADH production and elec tron flow within the respiratory chain. Glycolyti cally formed ATP is inadequate to make up for the growing energy deficit. Consequently, energy-de pendent ionic gradients are no longer maintained and neuronal death ensues. An even more direct relationship exists between reduced microvascular O2 delivery and regional loss of synaptic function. Hypoxia not only alters multiple oxidase systems having higher apparent Km values for O2 relative to cytochrome c oxidase, but it also affects catechol and indolamine neurotransmitters that do not re quire ATP but need molecular oxygen as a sub strate for their continued synthesis (Udenfriend, 1966; Jequier et aI., 1967; Davis et aI., 1973) . Cur rently, no techniques are available that would permit one to determine the order of these events during hypoxia in vivo.
We submit that a combination of three factors is responsible for preserving cerebral bioenergetics during limited O2 supply. These are arterial O2 de livery (Cao2 x CBF), cerebral perfusion pressure, and sources of ATP production other than mito chondrial oxidative phosphorylation, e.g., via cre atine phosphokinase, adenylate kinase, and glyco lytic reactions. Results from the present investiga tion, together with those previously obtained in this laboratory, support three conclusions: (a) The fluorocarbon emulsion (FC-43) sustains brain oxy genation and energy metabolism only at high partial pressures of molecular oxygen and perfusion pres sures well above autoregulatory threshold for the rat; (b) the O2 dependence of sequential electron transport in the cerebral cortex of bloodless an imals is similar to that obtained in isolated mito chondria when O2 is limited, i.e., cytochrome a,a3 is the last respiratory chain enzyme to become fully reduced, preceded in order by cytochrome c and then cytochrome b; and (c) cellular O2 insufficiency defined by depleted high-energy stores, i.e., cre atine phosphate, can be predicted in vivo by changes in the reduction level of cytochrome c oxi dase.
